Sika deer (*Cervus nippon*) are short-day breeders, mating in autumn and fawning in early summer \[[@r1]\]. Although they usually produce a single fawn, two corpora lutea (CLs) are found in about 80% of pregnant females \[[@r2]\]. The two CLs exist from early pregnancy and are maintained throughout the gestation period in sika deer, and the smaller CL is called the accessory CL (ACL) in cervid species \[[@r3]\]. There is no difference between the CLs in terms of histology \[[@r4]\] and ability to produce steroid hormones, as assessed immunohistochemically for steroidogenic enzymes \[[@r5]\]. Since not all pregnant females have an ACL, an ACL is not essential for maintaining pregnancy. Thus, the function of the ACL is not clear. Elucidation of the reproductive difference between females with and without an ACL would provide valuable information for understanding the reproductive status of females. ACLs are also found in other cervid species, such as the red deer (*Cervus elaphus*) \[[@r3], [@r6],[@r7],[@r8]\], wapiti (*Cervus canadensis*) \[[@r9]\], and reindeer (*Rangifer tarandus*) \[[@r10], [@r11]\]. ACLs in deer are assumed to be derived from postconception ovulation \[[@r7], [@r9]\] or a retained CL of a previous ovulation \[[@r8], [@r12], [@r13]\]. However, these hypotheses are based on observation of ovaries from carcasses. The origin and process of ACL formation in cervid species have never been confirmed, and this is necessary to understand the function of the ACL.

ACLs in pregnant females can also be found in other mammal species, and they form in various manners. ACLs in pregnant mares are derived from postconception ovulation or luteinization of anovulatory follicles after conception \[[@r14]\]. On the other hand, ACLs in pregnant elephants result from luteinization of the dominant follicle in the anovulatory wave emerging prior to the ovulatory wave at estrus \[[@r15],[@r16],[@r17]\]. Moreover, double ovulations sometimes occur in cattle \[[@r18]\] and horses \[[@r19]\], which results in two CLs. These findings were clarified by studying follicular and luteal dynamics (ovarian dynamics) using ultrasonography together with steroid hormone dynamics in live animals.

The ovarian dynamics in sika deer have never been investigated. In other cervid species, the wapiti and red deer, ovarian dynamics have been investigated by ultrasonography \[[@r20],[@r21],[@r22],[@r23]\], but these studies were only performed in nonpregnant animals, and therefore, ACL formation could not be observed. The purpose of the present study was to clarify the process of ACL formation in pregnant sika deer by investigating ovarian and hormonal dynamics.

Materials and Methods {#s1}
=====================

Six mature female (female A--F) Hokkaido sika deer (*Cervus nippon yesoensis*) were kept in a pen of about 80 m^2^ with a stag and examined between September 20, 2007, and January 17, 2008, at Asahiyama Zoological Park, Hokkaido, Japan. Three of them (females A, B and F) were multiparous females over 3 years old that weighed 81.3 ± 2.1 kg (mean ± SD) and had suckling fawn until August. The others (females C, D and E) were nulliparous 1-year-old females that weighed 67.0 ± 1.3 kg. The ages of the animals were estimated by tooth replacement \[[@r24]\]. About 1 kg of concentrated feed was supplied daily per animal, with hay and water *ad libitum*. Behaviors of the animals were observed for estrus and copulation visually or by video recording all day long. Estrus was defined as a female permitting the mounting of a male. Also, chasing, licking, sniffing, touching and placing the chin on the back were considered as estrous symptoms. The present study was conducted in accordance with the Hokkaido University guidelines for the care and use of laboratory animals.

The animals were immobilized for examination by intramuscular administration of a mixture containing medetomidine-HCl (60 μg/kg; Domitor, Zenoaq Nippon Zenyaku Kogyo, Fukushima, Japan) and ketamine-HCl (3 mg/kg; Ketalar, Sankyo, Tokyo, Japan) using a blow dart. After examination, they were awakened with an intramuscular administration of atipamezole-HCl (150 μg/kg; Antisedan, Zenoaq Nippon Zenyaku Kogyo).

Females were examined at two- or three-day intervals, except for one female that was examined at five- or six-day intervals until December 15, 2007 (female F). Following immobilization, the females were laid in lateral recumbency, and the feces were removed from the rectum manually prior to examination. The ovaries and uteri were examined using ultrasonography (HS-1500V, Honda Electronics, Aichi, Japan) by insertion into the rectum of a linear transducer (10 MHz, HLV-375M, Honda Electronics, Aichi, Japan) attached to a rigid plastic pipe extender (length, 60 cm; diameter, 3.5 cm). The transducer was covered with rubber cover filled with conductivity gel, and conductivity gel was also infused into the rectum before transducer insertion. Detailed drawings of the ovaries were made to record the diameter and relative position of follicles and the CLs. The drawings were used to tabulate follicles ≥ 3 mm in diameter within the pair of ovaries of each female for each day of the examination and to construct diameter profiles of uniquely identified follicles from their first appearance at 3 mm in diameter, due to 3 mm being the minimum size observable by ultrasonography, until they could no longer be uniquely identified (regressed to ≤ 3 mm). A follicular wave was defined as the synchronous growth of a group of small follicles, and the dominant follicle was defined as a follicle that attained a diameter ≥7 mm and exceeded the diameter of all others, as the diameter of the ovulated follicle 1--2 days before ovulation was at least 7 mm. Ovulation was defined as the disappearance of the dominant follicle identified during the previous examination, and was confirmed by detection of a CL at the same location afterward. Pregnancies were confirmed by the presence of fetuses with a heartbeat, which could be detected on day 20 of pregnancy at the earliest \[[@r25]\]. Plasma samples were collected by jugular venipuncture (EDTA-loaded vacuum tubes) at each examination and stored at --20 C until assayed. A pair of ovaries was collected from a female that died in an accident during transportation after the study period.

The plasma concentrations of estradiol-17β and progesterone were determined using competitive double-antibody enzyme immunoassays. For the estradiol-17β assay, 2 ml of plasma was extracted with 6 ml of diethyl ether. Then the diethyl ether was decanted into a new tube after freezing the plasma. After evaporating the diethyl ether, 0.5 ml of acetonitrile and 1 ml of hexane were added and mixed well. Thereafter, 1 ml of hexane was added again, and all the hexane was discarded using an aspirator. The acetonitrile was evaporated after repeating delipidation by hexane thrice. Samples were reconstituted with 100 μl of assay buffer (145 mM NaCl, 40 mM Na~2~HPO~4~, 0.1% BSA (w/v), pH 7.2). For the progesterone assay, 200 μl of plasma were extracted with 2 ml of diethyl ether, and reconstituted with 200 μl of assay buffer without delipidation using acetonitrile and hexane. Twenty microliters of samples were incubated for 16--18 h at 4 C with the primary antisera and HRP-labeled hormone, 100 μl each, in the well of a 96-well microplate (Costar 3590, Corning, NY, USA) coated with the secondary antiserum. After washing all the wells for 4 times with 300 μl of washing buffer (0.05% Tween 80), 150 μl of TMB solution (5 mM citric acid, 50 mM Na~2~HPO~4~, 500 mM UHP, 1 mM TMB and 2% DMSO) was added to each well and incubated for 40 min at 37 C. Absorbance of the solution in the wells was read by a microplate reader (Model 550, Bio-Rad Laboratories, Tokyo, Japan) set to 450 nm after stopping the chromogenic reaction with 50 μl of 4 N H~2~SO~4~. The primary antisera used for assay of estradiol-17β and progesterone were anti-estradiol-17β-6-CMO-BSA \[[@r26], [@r27]\] and anti-progesterone-3-CMO-BSA (7720-0504, Biogenesis, Poole, England). The antiserum against estradiol-17β cross-reacted with estrone (1.0%), estradiol-17β (1.0%), and estradiol-3-benzoate (50.0%). The antiserum against progesterone cross-reacted only with pregnenolone (20.0%). Goat anti-rabbit serum (270335, Seikagaku, Tokyo, Japan) was used as the secondary antiserum. All samples were assayed in triplicate. The assay sensitivities were 4.2 pg/well for estradiol-17β and 4.3 pg/well for progesterone. The intra- and inter-assay coefficients of variation were 3.5 and 12.7% for estradiol-17β and 3.2 and 6.8% for progesterone, respectively.

The plasma progesterone concentrations on the day that a dominant follicle was last observed before postconception ovulation in females that formed an ACL and on the day that a dominant follicle of the first wave emerged after the first and second copulations reached its maximum size in females that did not form an ACL were compared by one-way ANOVA followed by Tukey-Kramer's HSD as a *post hoc* test. Data are shown as the mean ± SD. All analyses were performed using a JMP Pro (version 10.0.0, SAS Institute, Cary, NC, USA).

Results {#s2}
=======

In three females (Group 1: A, B and C), at the first estrus of the breeding season, the dominant follicle of the first wave that emerged after copulation ovulated in the presence of the CL of pregnancy, and an ACL formed after postconception ovulation ([Figs. 1](#fig_001){ref-type="fig"} and[2](#fig_002){ref-type="fig"}Fig. 1.Hormonal and ovarian dynamics in female sika deer that conceived at the first estrus (Group 1: A, B and C) and second estrus (Group 2: D, E and F) of the breeding season. P~4~: progesterone. E~2~: estradiol-17β.). Postconception ovulations (disappearance of the dominant follicle) were confirmed between 8--20 days after copulation ([Fig. 1](#fig_001){ref-type="fig"}). There was no return of estrus in the three females, and pregnancies were confirmed by 26--29 days after copulation.

In the other three females (Group 2: D, E and F), estrus returned 18--28 days after copulation at the first estrus of the breeding season, and the females copulated again. The CL that formed at the first estrus regressed before the second estrus ([Fig. 1](#fig_001){ref-type="fig"}). Pregnancies were confirmed by 20--27 days after the second copulation, and one CL was observed until the end of the study period.

In two females of Group 1 (females A and C), postconception ovulation was observed before detecting the diameter of the dominant follicle starting to retrocede by observation at the intervals used in the present study. On the other hand, the dominant follicle of the first wave ovulated after detecting that the size had started to decrease in the female B. The dominant follicle of the second wave did not ovulate even though it was bigger at the time of postconception ovulation and reached as big as 16.8 mm in female B ([Fig. 1](#fig_001){ref-type="fig"}). Around the time of postconception ovulation, an increase in plasma estradiol-17β concentrations was observed in all females of Group 1 (30.6 ± 30.7 pg/ml: [Table 1](#tbl_001){ref-type="table"} Table 1.Estradiol-17β (E~2~) concentrations of female sika deer in Group 1 (with an ACL)). However, there were no estrous symptoms, estrous behavior, or stag interest observed around the days of postconception ovulation. On the other hand, the estradiol-17β concentrations in Group 2 did not exceed 10 pg/ml after fertile copulation ([Fig. 1](#fig_001){ref-type="fig"}).

The concentrations of progesterone just before the time of postconception ovulation in Group 1 (1.4 ± 0.3 ng/ml, [Table 2](#tbl_002){ref-type="table"}Table 2.Progesterone (P~4~) concentrations of female sika deer in Groups 1 (with an ACL) and 2 (without an ACL) at certain days after copulation) were significantly lower than that on the day when the dominant follicle of the first wave that emerged after the second copulation attained its maximum size in Group 2 (2.3 ± 0.2 ng/ml: P \< 0.05). The plasma progesterone concentration at the time when the first dominant follicle reached its maximum size after the first copulation in Group 2 (1.6 ± 0.5 ng/ml) did not differ from those of the other two periods described above but tended to be low compared with that after the second estrus in Group 2 (P = 0.10, [Table 2](#tbl_002){ref-type="table"}). After ACL formation, the progesterone concentration decreased and increased thereafter in females A and C. In female B, the progesterone concentration dynamics were similar to those of females A and C except that the progesterone concentration had already started to decrease before ACL formation. In Group 2, the progesterone concentration increased linearly to a plateau level (3.3--5.1 ng/ml) after copulation ([Fig. 1](#fig_001){ref-type="fig"}).

All females delivered a healthy fawn normally except female A, which died on day 85 of pregnancy during transportation to another institution after the examination period. In the left ovary of female A, two CLs similar to those observed in ultrasonographic images were confirmed ([Fig. 2C](#fig_002){ref-type="fig"}Fig. 2.Ultrasonographic and macroscopical images of an ovary in female sika deer A. (A) Ultrasonographic image of an ovary with a corpus luteum (CL) and dominant follicle of the first wave on day 8 of pregnancy. (B) Ultrasonographic image of the same ovary with two CLs on day 11 of pregnancy. (C) Macroscopical images of an ovary with two CLs on day 85 of pregnancy obtained after accidental death. Arrows indicate a CL. Bar = 1 cm.).

Discussion {#s3}
==========

In present study, ACLs formed only in females that conceived at the first estrus of the breeding season in the sika deer. This may be due to the low progesterone concentrations in the females in Group 1 at the time of postconception ovulation compared with the progesterone level at the time that the first dominant follicle after fertile copulation (at the second estrus) reached an ovulatory size in Group 2. It is known that progesterone has a negative feedback effect on LH secretion \[[@r28]\]. Therefore, a low level of progesterone could not suppress the increase in LH pulse frequency that leads to an estradiol-17β surge, which was observed in Group 1, and probably a subsequent LH surge. In a previous study, the presence of an increase in estrogen and the effect of estrogen after conception in pregnant females with an ACL were already predicted based on the prolonged existence of the estrogen receptor in the uteri of pregnant sika deer with an ACL \[[@r29]\]. Even though there was no significant difference in the progesterone concentrations at the time of postconception ovulation period in Group 1 and the first dominant follicle after unfertile copulation (at the first estrus) reached the ovulatory size in Group 2, ovulation of the first dominant follicle after the first copulation did not occurr in Group 2. The reason for this inconsistency is not clear, but the variation in follicular response to gonadotropin was also reported in ewes \[[@r30]\], which was suggested to be due to difference in intraovarian regulatory mechanisms, such as gonadotropin receptor populations \[[@r31]\]. For further discussion, more detailed and precise hormonal research, including research pertaining to gonadotropin, and research of follicular conditions are needed. In female B, the dominant follicle of the first wave ovulated after decreasing in diameter, and the dominant follicle of the second wave did not ovulate even though it was bigger than the dominant follicle of the first wave. The mean maximum follicular size in the cyclic cervid was reported to not exceed 12 mm \[[@r20], [@r22]\], and the same trend was observed in other follicles in the present study. Therefore, the dominant follicle of the second wave in female B in the present study can be considered as a cystic follicle, and it may have had an abnormality in response to LH. Also, because it is known that there is hypothalamus-pituitary function disorder in cows with a cystic follicle \[[@r32]\], abnormality in LH secretion may have delayed the timing of the ovulation of first dominant follicle in female B. However, there is no previous report about cystic follicles in cervid species, and more cases and information needs to be gathered for further discussion.

In Group 1, the progesterone concentration decreased once or did not increase much after copulation. In ewes, it is known that luteal function at the first estrus of the season is insufficient compared with that during the mid-breeding season \[[@r33]\]. Therefore, similar to the case in ewes, CL function at the first estrus of the season in sika deer may also be insufficient. However, even though the progesterone concentration was relatively low after the first estrus in the female of Group 2, it increased linearly thereafter and reached as high as the peak level of cyclic cervid species previously reported \[[@r22], [@r34]\]. The reason for this inconsistency between the two groups is not clear, but one possibility is the presence of an increase in estradiol-17β. Estradiol reportedly triggers the release of hypophysial oxytocin, and this stimulates release of a small quantity of uterine prostaglandin F~2α~, which leads to luteolysis \[[@r35]\]. The reason why the CL of pregnancy did not regress completely is unclear, but it might be supported by interferon tau, which is known as the factor of maternal recognition of pregnancy and is also found in cervid species \[[@r36]\], since it is involved in regulation of luteolysis \[[@r37]\].

The progesterone concentrations did not increase soon after ACL formation. This might be due to a low ability to produce progesterone in the ACL during the early pregnancy period because it is reported that 3β-hydroxysteroid dehydrogenase, the steroidogenic enzyme that synthesizes progesterone, could be detected only in luteal cells located in the peripheral region of the ACL until it was fully developed in mid-pregnancy \[[@r5]\]. Even though the ACL has a low ability to produce progesterone in early development, it can be an additive or assured source of progesterone in the case that the function of the CL of pregnancy is decreased, and it may be able to help to maintain the progesterone level required for maintenance of pregnancy by supporting the CL of pregnancy. In further studies, detailed examinations and analyses using more animals are needed to confirm the present speculations.

Interestingly, about 80% of the female sika deer conceived at the first estrus of the breeding season \[[@r38]\], and this number is consistent with the rate of ACLs found in the wild population \[[@r2]\]. This consistency supports the present results showing that only females that conceived at the first estrus formed an ACL and suggests that the timing of conception is related to ACL formation. Moreover, pregnant females with an ACL have heavier fetuses than pregnant females without an ACL in those harvested from the same population during the same period \[[@r2]\], which indicates that females with an ACL conceived relatively earlier. The ecological advantage of ACL formation is that it enables females to conceive early in the breeding season, as delayed conception leads to delayed parturition \[[@r39]\], which negatively influences fawn survivability \[[@r40]\] and fertility of the females in the subsequent breeding season \[[@r41]\] .

The present study showed the process of ACL formation in pregnant sika deer and that the origin of the ACL is postconception ovulation, which may occur due to a relatively low ability to produce progesterone in the CL during the first estrous cycle of the breeding season. Since LH support the CL ability and also destine follicle to ovulate, measurement of LH is necessary for further study.
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